The study is to establish a novel method to determine the endothelial function in mouse carotid arteries in vivo by using high-resolution ultrasound images. Atherosclerosis in carotid arteries is induced in ApoE −/− mice with a Western diet. The ultrasound of the ventral neck generates clear pictures of the common carotid arteries. Acetylcholine at the range from 5 to 20 μg/kg/min (iv) is able to induce a dosedependent relaxation as shown by the increased diameter of these normal mouse carotid arteries, which is impaired in atherosclerotic arteries. The endothelial function determined by ultrasound images in vivo matches well with that determined in isolated carotid arterial rings in vitro. All animals survived after the endothelial function measurement. In this study, we have established a standard method to determine the mouse endothelial function in vivo. It is a reliable, safe, and survival method that could be used repetitively in mouse arteries.
Introduction
Endothelial dysfunction most commonly refers to impairment of endothelium-dependent vasodilation and implies presence of widespread abnormalities in endothelial integrity and homeostasis [1, 2] . It is well established that endothelial dysfunction is a major mechanism involved in all the stages of atherosclerotic vascular disease and other chronic vascular disorders such as hypertension, diabetic vascular complication, and vascular aging. The assessment of endothelial function and endothelial dysfunction has therefore become a widely used method for risk analysis, diagnosis, prognosis, and therapeutic evaluation of these vascular diseases [1, [3] [4] [5] .
Although many methods of endothelial function assessment have been developed in the past decade, an invasive method to determine coronary or other artery vasomotion in response to infusion of acetylcholine (Ach), and noninvasive ultrasound assessment of flow-mediated vasodilation (FMD) of peripheral arteries are still the two gold methods for the in vivo endothelial function measurement in human and large animals [6, 7] .
Mouse models are still the most often used preclinical models for vascular diseases related to endothelial dysfunction. For example, ApoE knockout (ApoE human, quick development of atherosclerotic lesions, easy induction for transgenic and gene knockout modulation, and relatively low cost [8, 9] . Although the relaxation response of isolated mouse aortic and carotid arterial rings to Ach has been used for many years to determine the endothelial function and endothelial dysfunction in mice, the method is a one-time nonsurvival assessment and is very limited for many studies on vascular diseases [10, 11] .
Due to the small anatomical structure of mouse limbs, noninvasive ultrasound assessment of FMD is very difficult to be applied for mouse endothelial function measurement in vivo. In this study, we are trying to establish a novel method to determine the endothelial function in mouse carotid arteries in vivo by using high-resolution ultrasound images and intravenous delivery of Ach. In addition, the new survival in vivo method will be compared with the non-survival isolated vessel-ring method both in wide-type normal mice with normal endothelial function and in atherosclerotic ApoE −/− mice with endothelial dysfunction.
Methods

Animals and Atherosclerotic Model
Male ApoE −/− mice (C57BL/6 background) and wild-type C57BL/6 mice were from the Jackson Laboratories. The mice were purchased at 5-week old. At the beginning of 6-week old, the animals were divided into the following groups: (1) ApoE −/− mice fed with a standard chow diet for 12 weeks; (2) ApoE −/− mice fed with a Western diet (17.5 % protein, 20 % fat, and 0.15 % cholesterol; TestDiet, Richmond, IN), in which an approximate 40.1 % energy (kcal) was from fat, for 12 weeks; (3) wild-type C57BL/6 fed with a standard chow diet for 12 weeks. Each group had nine mice. Mice were housed in plastic cages in a room at 20±2°C, with a relative humidity of 55±15 %, and on a 12/12 h light/dark cycle with free access to water and diet. All protocols were approved by the Institutional Animal Care and Use Committee at Rush University and were consistent with the Guide for the Care and Use of Laboratory Animals (updated (2011) version of the NIH guidelines).
Determination of Atherosclerosis in Aortas and Carotid Arteries
The animals were euthanized with an over dose of pentobarbital (200 mg/kg, ip). Then, the carotid arteries, dissected from bifurcation of the external and internal carotid arteries, and the aortas, dissected from the aortic arch to the aortoiliac bifurcation, were fixed in 10 % formalin (Sigma-Aldrich). The arteries were freed of adherent connective tissues and then cut longitudinally and stained with Oil Red O (Sigma-Aldrich) to visualize the atherosclerotic plaque area (fatty streaks) as described [12] . Endothelial function in mouse carotid arteries is evaluated in vivo by determining the endothelium-dependent relaxation to Ach via ultrasound images. Briefly, as shown in Fig. 1 , the animals were mildly anesthetized with an intraperitoneal injection of 60 mg/kg ketamine and 6 mg/kg xylazine and were placed in dorsal recumbency on a heater blanket (37°C). Their ventral necks and thigh areas of the left hind leg were shaved. A PE 10 catheter was inserted into the left femoral vein to deliver the experimental solutions via a constant syringe infusion pump. Transcutaneous vascular ultrasounds were then performed on the mouse left carotid arteries using a Vevo 770 High-Resolution Imaging System equipped with a 30-MHz transducer (Visual Sonics). The transducer was lubricated with ultrasound gel and placed laterally to the trachea on the ventral neck. The left carotid artery was visualized on the monitor, and the image was frozen at the largest cross section. In this study, we fixed all the measurements at the site in the common carotid artery, which is 1 mm far from the beginning point of the shared vascular wall between internal and external carotid arteries. The maximal width of the cross-sectional diameter at the measuring site was measured. Although ultrasound plane might be adjusted during the whole procedure to have maximal diameter, the measure sites were not changed. The protocol for the reagent delivery and vascular function measurement was described as follows: first, injection of vehicle (0.9 % saline) for 5 min (to obtain the basal line of vascular diameter); second, injection of Ach (5 μg/kg/min) for 5 min; third, injection of Ach (10 μg/kg/min) for 5 min; fourth, injection of Ach (20 μg/kg/min) for 5 min. To obtain the maximal relaxation response to Ach, a subgroup of mice were given two more doses of Ach (25 and 30 μg/kg/min) for 5 min. At the end of each injection, ultrasound was performed to measure the vascular diameters. Finally, at 30 min washout period after the Ach injection, SNP (20 μg/kg/min) was injected for 10 min to determine the endotheliumindependent relaxation. The vascular function was calculated and expressed as the percentage increase in vascular diameter after Ach or SNP injection.
Vascular Function Assessments in Isolated Mouse Carotid Arteries In Vitro
Isometric tension was measured in isolated mouse carotid artery ring segments as described [13] . In brief, the mice (n=9 in each group) were euthanized with an over dose of pentobarbital (200 mg/kg, ip), and their carotid arteries were isolated. The vessels were cut into individual ring segments (2-3 mm in width) and suspended from a force-displacement transducer in a tissue bath. Ring segments were bathed in Krebs-Henseleit (K-H) solution. The vessels were contracted to 50-60 % of their maximal capacity (50-60 % of KCl response) with phenylephrine (10 -7 -3×10 -8 M). When tension development reached a plateau, Ach (10
-3×10 -6 M) was added cumulatively to the bath to stimulate endothelium-dependent relaxation. Endothelium-independent relaxation was tested by the addition of the NO donor SNP (10 -6 M).
Statistics
The data are reported as the mean±SE. SPSS was used to perform the statistical analysis. ANOVA repeated measures were used to assess changes within a group, and one-way ANOVA within groups were used to assess the significance of any change between groups. Comparisons between two groups were performed using the independent sample t test. Statistical significance was accepted at p<0.05. The transcutaneous high-resolution ultrasound of the ventral neck generated clear pictures of the common carotid artery and the bifurcation showing the internal carotid artery and external carotid artery (Fig. 3a) . The beginning point of the shared vascular wall between internal and external carotid arteries was then used as a reference location mark for our diameter measurement. In this study, we fixed all the measurements at the site in the common carotid artery, which is 1 mm far from the mentioned beginning point as shown in Fig. 3a .
Results
Atherosclerosis Is Induced in ApoE
The depth from the elevational plane of the ultrasound to the carotid artery was about 3 mm, and the diameter of the common carotid artery is about 0.4 mm. After 2 min of vehicle injection (0.9 % saline) at 1.5 μl/ min, carotid arteries would have stable vessel diameter at least for 2 h. We thus used the vessel diameter at 5 min after vehicle injection as the baseline. Ach at the range from 5 to 20 μg/kg/ (Fig. 3b) . As expected, after 30 min washout period of Ach, SNP (20 μg/kg/min) induced an endotheliumindependent relaxation in normal mouse carotid arteries (Fig. 3c) . Representative ultrasound images of normal carotid arteries at baseline, and after different doses of Ach and SNP were shown in Fig. 3d . In addition, Ach at any dose higher than 20 μg/kg/min could not result in additional increase in the vessel diameter (Fig. 3e, f) .
To determine the reproducibility of the functional measurements, the vascular function was measured again 2 days after the first measurement in a subgroup of mice. As shown in Fig. 3g , no significant difference was identified in the vascular Fig. 3 Vascular function of mouse carotid arteries determined by using high-resolution ultrasound images in vivo. a. An ultrasound image showing the left common carotid artery and the bifurcation of internal and external carotid arteries. The measuring of the diameter at the site in the common carotid artery which is 1 mm far from the beginning point of the shared vascular wall between internal and external carotid arteries. b Increase in the diameter of mouse carotid arteries in response to three increasing doses of Ach, n=9; *p<0.05 compared with lowest dose, #p<0.05 compared with wild-type control mice. c. Increase in the diameter of mouse carotid arteries in response to SNP. d. Representative ultrasound images of mouse carotid arteries at the baseline and after different doses of Ach and SNP. e. Ach at any dose higher than 20 μg/kg/min could not result in additional increase in vessel diameter in normal mouse carotid arteries. f Representative ultrasound images of mouse carotid arteries from normal mice treated with Ach at 20, 25, or 35 μg/kg/min. g Vascular responses of carotid arteries to Ach and SNP in the same group of normal mice determined at different times (n= 6). h Vascular responses of carotid arteries to Ach and SNP in the same group of normal mice determined by two independent technicians (n=6). i Representative Oil Red O-stained images of mouse carotid arteries from different groups. j Representative ultrasound images showing the normal carotid artery without atherosclerotic lesion from wild-type mouse and the atherosclerotic carotid artery with atherosclerotic lesion from ApoE knockout mouse with the Western diet function between the two time points of the measurement. To further test the reproducibility of the functional measurements, we arranged two technicians to measure the vascular function in the same group of mice; as shown in Fig. 3h , no significant difference was identified in the vascular function determined by two independent technicians.
Vascular Function in Atherosclerotic Mouse Carotid Arteries by Ultrasound Images
In consistency with the atherosclerotic lesions in aortas, the Western diet induced atherosclerosis in mouse carotid arteries of ApoE −/− mice as shown by histology in Fig. 3i and ultrasound image in Fig. 3j . Accordingly, the endotheliumdependent relaxation to Ach in atherosclerotic carotid arteries was significantly impaired in these ApoE −/− mice fed with the Western diet (Fig. 3b) . In addition, the endothelium-dependent relaxation in carotid arteries of ApoE −/− mice fed with the standard chow diet was mildly impaired, compared with that in normal mice, but it is much better than that in ApoE −/− mice fed with the Western diet (Fig. 3b) . In contrast, the endothelial-independent relaxation to SNP was not changed in these atherosclerotic carotid arteries, compared with that in normal carotid arteries from wild-type mice with the normal diet (Fig. 3c) . Representative ultrasound images of ApoE
mouse carotid arteries at baseline, and after different doses of Ach and SNP were shown in Fig. 3d .
Comparison of Vascular Functions Determined by Ultrasound Image In Vivo and by Isometric Tension Measurement in Isolated Mouse Carotid Arteries In Vitro
The vascular function was also determined by isometric tension measurement in isolated mouse carotid arteries in vitro. As shown in Fig. 4a , in consistency with the result from ultrasound images in vivo, Ach induced a dose-dependent relaxation in normal carotid arteries from wild-type mice with the normal diet as shown by the decreased isometric tension. However, the dose-dependent relaxation to Ach was significantly impaired in atherosclerotic carotid arteries from ApoE −/− mice fed with the Western diet, which is consistent with that from in vivo measurement by ultrasound images. In addition, the endothelium-dependent relaxation in carotid arteries of ApoE −/− mice fed with the standard chow diet was partially impaired, compared with that in normal mice, but it is much better than that in ApoE −/− mice fed with the Western diet (Fig. 4a) . Again, the endothelium-independent relaxation to SNP was not altered in these atherosclerotic mouse carotid arteries, compared with that in normal mouse carotid arteries (Fig. 4b) .
Discussion
In vivo survival and repetitive assessment of mouse endothelial function is critical for risk analysis, diagnosis, prognosis, and therapeutic evaluation of many vascular disorders such as atherosclerosis, diabetic vascular complication, hypertension, and vascular aging [1, [3] [4] [5] . Although ultrasound images have been widely used as noninvasive methods to determine endothelial function in vivo in human and large animals, their application in mice is still a challenge due to the small site of the mouse vessels, the limited exposure area of superficial arteries, limited skin area for ultrasound transducer and blood flow modulation, and high heart rate. To the best of our knowledge, no report has been reported thus far to use ultrasound images as the method to determine endothelial function of mouse arteries in vivo, although the quality of ultrasound images in small animals has been significantly improved in the past 10 years. Carotid arteries are relatively big arteries in mice. In addition, the skin area in the mouse neck is flat and big enough for an ultrasound transducer of the Vevo 770 High-Resolution Imaging System. Moreover, carotid arteries are well-studied arteries of mice in many vascular diseases. Indeed, we found in this study the atherosclerosis was induced in carotid arteries from ApoE −/− mice fed with the Western diet. We thus selected the carotid artery as the vessel for mouse endothelial function measurement by ultrasound images. To avoid any interference from the drug delivery catheter, we selected the femoral vein as our delivery site because it is faraway from the neck area.
To test other mouse arteries that might be used for the vascular function measurement by the ultrasound images, we have tried the femoral artery and abdominal aorta. The femoral artery is too small to be imaged clearly by the ultrasound. The responses of the abdominal aorta to Ach and SNP near the bifurcation of the abdominal aorta and common iliac arteries are as good as those determined in carotid arteries (data not shown). However, the abdominal aorta is difficult to be imaged clearly by the ultrasound due to many tissues such as intestines that are located between the ultrasound transducer and the aorta. Thus, the carotid artery is the best vessel, and the neck area is the best location to determine the vascular function in vivo by the ultrasound images in mice.
The transcutaneous high-resolution ultrasound could generate clear pictures of the common carotid artery and the bifurcation showing the internal carotid artery and external carotid artery. Ach induces a dose-and endothelium-dependent relaxation, which reflexes normal endothelial function. However, the endothelial function is significantly impaired in atherosclerotic mouse carotid arteries as shown by the decreased relaxation to Ach in ultrasound images. SNP, a nitric oxide donor, could induce an endothelium-independent relaxation in both normal and atherosclerotic mouse carotid arteries determined by ultrasound images. The excellent reproducibility of the measurements of the vascular function via ultrasound images is confirmed by the consistent results measured at different times and by different technicians in the same group of mice.
Isometric tension measurement of isolated artery rings is a traditional non-survival method to determine the endothelial function in mouse arteries in vitro as described previously [13] . To further evaluate the reliability of the in vivo assessment of mouse endothelial function by ultrasound images, we also measured their isometric tension changed in response to Ach and SNP in these isolated mouse carotid arteries. Our results revealed that the endothelial function determined by ultrasound images in vivo matches very well with that in the result determined by isometric tension measurement in vitro.
Survival and repetitive assessment of mouse endothelial function is required for some vascular studies. For example, atherosclerosis, hypertensive vascular disease, and vascular aging are all chronic vascular disorders, in which endothelial dysfunction is an important marker. The procedures of mild anesthesia (60 mg/kg ketamine and 6 mg/kg xylazine), iv injection, and ultrasound measurement are safe. No animal died by the measurement procedures. Thus, it is suitable for the survival and repetitive assessment of mouse endothelial function.
In summary, in this study, we have established a standard method to determine the mouse endothelial function in vivo by the transcutaneous high-resolution ultrasound images. It is a reliable, safe, and survival method that could be used repetitively in atherosclerotic vascular diseases or other diseases with endothelial dysfunction in mouse models.
Clinical Relevance of the Study
Endothelial dysfunction is a chronic complex process involved in all the stages of human atherosclerotic vascular disease. Mouse models of endothelial dysfunction and atherosclerosis are still the most often used preclinical models. A reliable, safe, and survival method to repetitively determine endothelial function and dysfunction in mice described in this study will be helpful to evaluate the effects of any clinical treatments or preventive interventions on endothelial function and atherosclerosis.
